Abstract The mechanisms causing the rise in adrenal androgen production during the course of adrenarche remain to be defined. However, the increase in steroid release is clearly associated with a series of intra-adrenal changes in the expression of steroidogenic enzymes needed for dehydroepiandrosterone (DHEA) and dehydroepiandrosterone sulfate (DHEAS) production, as well as an expansion of the adrenal zona reticularis (ZR). We and others have defined the adrenal expression pattern of key steroidogenic enzymes during adrenarche. As adrenarche proceeds, the expanding ZR expresses greater levels of cytochrome b5 (CYB5) and steroid sulfotransferase (SULT2A1) than the adjacent fasciculata. In contrast, the growing ZR is deficient in 3β-hydroxysteroid dehydrogenase type 2 (HSD3B2). The resulting profile of steroidogenic enzymes lends itself to the production of adrenal androgens and appears to track the progression of adrenarche. This article reviews the intra-adrenal changes of the adrenal cortex associated with adrenarche.
Overview of adrenarche
The adrenal produces large amounts of dehydroepiandrosterone (DHEA) and DHEA sulfate (DHEAS) during fetal development, which fall rapidly after birth and remain low for the first years of life. Adrenarche can be defined as the increased production of DHEA and DHEAS that occurs between age 6 and 8 years [1] [2] [3] [4] [5] [6] [7] [8] . The gradual increase in adrenal androgens causes the appearance of axilliary and pubic hair and a transient acceleration of linear growth and bone maturation [9] [10] [11] [12] [13] [14] [15] . The increased adrenal androgen secretion in this period, however, is not associated with increased levels of ACTH or gonadotrophins, and does not require functional gonads [11, 16, 17] . Recently, candidate hormones related to body mass, such as leptin, have been suggested to play a role in adrenal growth and adrenarche [18] . While the existing evidence suggests that these hormones may modify the onset and rate of progression through adrenarche, no single factor has been proven to be the proximal signal solely responsible for the onset of adrenarche. It is clear, however, that the onset and character of adrenarche is associated with distinct changes in adrenocortical function and structure [19] [20] [21] [22] [23] [24] [25] . from the gonads [31] . Conversely, in the Rhesus monkey, DHEAS levels are maximal at birth and decline steadily thereafter [27] . It has been postulated, but not proven, that elevated adrenal androgen production is responsible for the earlier sexual maturation in the Rhesus monkey when compared to chimpanzees or humans [24] . On the other hand, in chimpanzees, DHEA and DHEAS levels appear to rise continuously and without delay from birth, and level off 10 to 16 years of age [26] [27] [28] [29] [30] . However, no age-related decline of DHEA or DHEAS has been reported in chimpanzees compared to humans [28] . In addition, there are currently no histological, immunohistochemical, or biochemical data correlating the rise in adrenal androgen synthesis in chimpanzees with maturation of the adrenal cortex that accompanies adrenarche in humans [28] .
Morphological changes of the adrenal cortex during adrenarche
The human adrenal cortex is composed of three distinct zones: the zona glomerulosa (ZG), the zona fasciculata (ZF), and the zona reticularis (ZR) [32, 33] . These three zones all have functionally distinct roles in adrenocortical steroid hormone production [33] [34] [35] . The adult-type zonal expression pattern does not fully develop until after birth. The human fetal adrenal cortex is composed of two morphologically distinct zones: the fetal zone and neocortex, which are characteristics of human adrenal development. The fetal zone occupies a large portion of the inner cortex, while the neocortex occupies the remainder of the adrenal cortex and surrounds the fetal zone as a narrow band [36, 37] . After birth, the prominent fetal zone of the adrenal gland undergoes involution [38] . The neocortex develops into the adult adrenal, with a distinct ZG and ZF, with a paucity of cells resembling the ZR [36] .
While there is strong evidence that it is the ZR that produces DHEA and DHEAS, we know very little about the factors that cause the zone to start its expansion during the late infant years [39, 40] . As opposed to adrenal androgens, the production of mineralo-and glucocorticoids is primarily independent of sexual maturation during the infant or pubertal years [41, 42] . On the other hand, during adrenarche, the increase in adrenal androgen production is closely associated with alterations in the ZR [19, 22, 43, 44] . Dhom also characterized the emergence of the ZR in children before and during adrenarche, reporting a highly significant correlation between adrenal weight and age as well as between adrenal weight and body surface [22] . The adrenal cortex of the infant consists of a clearly demarked, continuous, and lipoid-rich ZG and a spongiocytic ZF that extends down to the medullary capsule; with no apparent ZR [22] . The focal islands of the adrenal reticularis morphologically appear in children around age 3 years [18] . Focal development of the ZR further increases at age 5 years, and continuous ZR is first detectable in some individuals at age 6 years and in almost all by age 13 years [22] . The thickness of the ZR increases progressively until age 13 years. With a fully developed ZR as is seen in young adults, the ratio of the thickness of the ZR and that of the ZG and the ZF is about 1:1 [22] . On the other hand, the ZG, which in the adrenals of infants is always present as a continuous zone, becomes discontinuous during prepubertal development [22] . However, in these studies, the ZR was identified only by morphological observations, and no immunohistochemical analysis related to the ZR was done. Figure 1 shows that the ZR at age 3 years is focally clear although this appearance is not continuous in all the areas of this adrenal cortex. The immunohistochemical analysis for steroidogenic enzyme expression is important to determine the exact areas of the ZR and ZF [43] . By the age of 12 years, the thickness of the ZR is similar to that of the ZF. Microscopically, nuclei and cytoplasm are larger in the ZR cells than those of the ZF cells [22] . The thickness of the ZR is also reported to correspond to the increased production of DHEA and DHEAS ( Fig. 2) [22, 45] . Because little is know about the factors that regulate ZR steroid production, we and others have focused on defining the phenotype that constitutes a ZR cell. Adrenal cell proliferation and continuous remodeling occur mostly in the outer part of the adrenal cortex, in the ZG and ZF, and cell death mostly occurs in the ZR [46, 47] . ZR cells are likely to originate mostly by re-differentiation of ZF cells rather than by cell division within the zone [39] . Therefore, Fig. 1 Representative hematoxylin and eosin stained adrenal, showing the zona glomerulosa (ZG), the zona fasciculata (ZF), the zona reticularis (ZR), and medulla (M) at age 3 years (a) and 12 years (b) it is likely that ZR cells have a unique phenotype compared to ZG and ZF cells. With the use of microarray analysis, Wang et al. showed that the ZF and ZR cells differ in their patterns of gene expression [48] . For example, CD74 was more highly expressed in ZR cells and 3β-hydroxysteroid dehydrogenase type 2 (HSD3B2) was more highly expressed in ZF cells [48] . The role of differential HSD3B2 expression will be discussed below, but the role of CD74 expression is not known. CD74 is known to be a major histocompatibility complex (MHC) class II invariant chain [48] . It has been postulated that maturation of the adult adrenal gland during adrenarche and the capacity for androgen production in the ZR cells may be related to the expression of MHC class II expression on these cells via potential immune-adrenal interactions [48] [49] [50] [51] [52] . However, it remains unclear and speculative as to how these factors contribute to the regulation of the ZR and adrenarche. On the other hand, several studies have shown that steroidogenic enzyme expression in the adrenal cortex is quite relevant to adrenarche [43, [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] . Therefore, we have focused this review on the changes seen in adrenal expression patterns of steroidogenic enzymes and their associations with adrenarche.
Alterations in adrenal steroidogenic enzymes at adrenarche
Clarifying the variations in steroidogenesis in the adrenal glands requires an understanding of the zone specific production of steroids (Fig. 3) . Although some enzymes and cofactor proteins are common to all adrenal zones, the specific classes of steroid produced within the zones are determined predominantly by zone-specific expression of characteristic steroidogenic enzymes. Although only two steroid-metabolizing enzymes are required for the synthesis of DHEA from cholesterol, changes in other steroidmetabolizing enzymes and cofactors underlie the changes in adrenal androgen production biosynthesis during adrenarche. Figure 3 illustrates the key differences in expression of steroid-metabolizing enzymes that facilitate the production of adrenal androgens.
Cytochrome P450scc; side-chain cleavage enzyme (CYP11A1)
The mitochondrial enzyme, CYP11A1, performs the first committed step common to all cells that synthesize steroid Negatively impacting the production of DHEAS is 3β-hydroxysteroid dehydrogenase type 2 (HSD3B2) and 21-hydroxylase cytochrome P450 (CYP21). This figure is modified from a previous report [5] hormones: the conversion of cholesterol to pregnenolone (Fig. 3) . The acute regulation of this reaction is mediated via cholesterol access, which is controlled by the steroidogenic acute regulatory protein (StAR). The chronic maintenance of this enzyme is mediated by ACTH [53] . The expression of CYP11A1 is expressed in all zones of the adrenal and there do not appear to be changes in expression within the ZR during the procession of adrenarche (Fig. 4 ) [43] . However, as CYP11A1 with StAR are the quantitative regulators of steroidogenesis, alterations in cholesterol flux into the mitochondria or the activity of CYP11A1 may contribute to the genesis of premature and/or exaggerated adrenarche.
4.2 Cytochrome P450c17; 17α-hydroxylase/17,20-lyase (CYP17)
CYP17 catalyzes the 17α-hydroxylation of both pregnenolone and progesterone and subsequently the 17,20-lyase reaction on their 17-hydroxy derivatives. In human adrenal Fig. 4 Immunohistochemistry for CYP11A1 (a), CYP17 (b), CYB5 (c), and SULT2A1 (d) in the adrenal at age 3 and 12 years. a Immunoreactivity of CYP11A1 is detected in the zona glomerulosa (ZG), the zona fasciculata (ZF), and the zona reticularis (ZR), but not in the medulla (M) of both adrenals. b Immunoreactivity of CYP17 is weakly detected in the ZF and ZG, whereas it is not detected in the ZG or M in the adrenal at age 3 years. Immunoreactivity of CYP17 is strongly detected in the ZF and ZR in the adrenal at age 12 years. c Immunoreactivity of CYB5 is weakly detected in the cytoplasm of preadrenarche adrenocortical cells in the ZG, the ZF, and the ZR at age 3 years. CYB 5 immunoreactivity is strongly detected in the ZR at 12 years. d Immunoreactivity of SULT2A1 is weakly detected in the ZF and ZR but not in the ZG or M in the adrenal at age 3 years. SULT2A1 immunoreactivity is strongly detected in the ZR and weakly positive in the ZF, while it is not detected in the ZG or M. Bar=100 μm glands, the CYP17 enzyme is found in both the ZF and ZR of the cortex [43, 54] . The 17α-hydroxylase activity is necessary for production of the glucocorticoid, cortisol, in human adrenal ZF, and both 17α-hydroxylase and 17,20-lyase activities are needed for adrenal androgen production in the human adrenal ZR. Therefore, CYP17 is recognized as one of the principal qualitative regulators of steroidogenesis [55] . We previously reported in the adrenal glands from pre-adrenarcheal children that the expression level of CYP17 protein was weak in both the ZF and ZR [43] . The immuno-intensity of CYP17 increased both in the ZF and ZR after age 5 years and reached a plateau level at age 13 years (Fig. 4) [43] . Therefore, the regulation of CYP17 expression does not appear to be a cause of adrenarche. However, adequate amounts of CYP17 are certainly required for maximal DHEA production, so that CYP17 is an essential component of the adrenarche process.
Cytochrome b5 (CYB5)
An important feature of adrenarche is the increased conversion of 17α-hydroxypregnenolone to DHEA that results from an increase in 17,20-lyase activity of CYP17. The relative activity of 17α-hydroxylase vs. 17,20-lyase activity appears to be regulated by multiple post-translational events, all of which could be influenced at adrenarche. CYB5 is regarded as an important regulator of CYP17 function and particularly its 17,20 lyase activity. CYB5 protein is most evident in the ZR in the human adrenal gland [56] . It has been suggested that human CYB5 acts as an allosteric effector that interacts primarily with the CYP17/oxidoreductase complex to stimulate 17,20-lyase activity [57] . Thus, the ZR-specific expression of CYB5 appears to be a key factor in promoting adrenal androgen production. We have reported that CYB5 immunoreactivity is weakly detected in the cytoplasm of pre-adrenarche adrenocortical cells in the ZG, the ZF, and the ZR (Fig. 4 ) [43] . The immunoreactivity of CYB5 becomes more marked in the ZR after age 5 years and reaches a plateau at 13 years (Fig. 4) [43] . However, immunoreactivity of CYB5 in the ZG and ZF is low in all the cases examined, and no significant age-related changes are detected [43] . Therefore, these findings suggest that the electron transfer system plays an important role in the increment of 17,20-lyase activity of CYP17 in the ZR in the developing adrenal cortex.
DHEA sulfotransferase (SULT2A1)
In addition to CYP11A1 and CYP17, steroid sulfotransferase (SULT2A1) carries out the terminal reaction in the synthesis of DHEAS (Fig. 3) . Like adrenal androgen production, the expression of SULT2A1 within the adrenal is most notable in primates [28] . SULT2A1 has a broad substrate specificity, which includes metabolism of pregnenolone, 17α-hydroxypregnenolone, and DHEA to their respective sulfated products [58] [59] [60] . SULT2A1 is necessary for the synthesis of the sulfated form of DHEA, which is, by mass, the principal steroid produced by the human adult adrenal and the most abundant circulating steroid in the adult human. SULT2A1 is predominantly expressed in the cytoplasm of adrenocortical cells in the ZR, and its substrates include pregnenolone, 17α hydroxypregnenolone, and DHEA. To determine whether the SULT2A1 enzyme is specifically associated with cells that secrete DHEAS, immunohistochemistry has been performed to localize SULT2A1 in adrenals throughout the postnatal period from infancy to old age [43] . Expression of SULT2A1 remains low through early childhood until the onset of adrenarche; however, some cells express SULT2A1 even in the pre-adrenarche years (Fig. 4) . Recent detailed studies of steroid levels during the course of adrenarche support the concept that, even in the preadrenarche years, there is a gradual increase in production of the adrenal androgens [61] . As the adrenal reticularis begins to grow, adrenal expression of SULT2A1 increases (Fig. 4) . ZR expression of SULT2A1 continues into adulthood and is maintained into the later years of life. These data show that the increase in DHEAS production occurring at adrenarche is associated with accelerated expression of SULT2A1 in the adrenal reticularis, which would increase the conversion of nascent DHEA into DHEAS. There is very little known about the mechanisms regulating the human SULT2A1 expression during adrenarche. However, we have recently confirmed several of the key transcription factors that regulate the transcription of the SULT2A1 gene [65, 66] . Therefore, in the future, it will be important to define the potential role of these transcription factors in the regulation of the adrenal reticularis and the process of adrenarche.
3β-Hydroxysteroid dehydrogenase type 2 (HSD3B2)
HSD3B2 catalyzes the conversion from pregnenolone, 17α-hydroxypregnenolone, and DHEA to progesterone, 17α-hydroxyprogesterone, and androstendione, respectively (Fig. 3) . HSD3B2 normally acts to decrease DHEAS production through competition with CYP17, and decreased HSD3B2 activity may play an important role in adrenarche [24, 42, 62] . Gell et al. demonstrated that relative immunoreactivity of HSD3B2 was significantly weaker in the ZR than in the ZF in children age 8 years and older [24] . In addition, Dardis et al. reported a decrease in mRNA levels of HSD3B2 in adrenals from children age 8 years and older compared to children less than 8 years [62] . Using immunoreactivity of HSD3B2, we have demonstrated a marked decrease in the ZR after age 8 years with little alteration in the adjacent ZG and the ZF (Fig. 5 ) [24, 43] . However, as seen in Fig. 5 , some cells of the small 3 years adrenal ZR have lower levels of HSD3B2 than in the adjacent ZR. This supports the concept put forth by Palmert and colleagues that even in the early years the initial stages of adrenal androgen production may have already been initiated [63] .
21-Hydroxylase cytochrome P450 (CYP21)
CYP21 produces deoxycorticosterone (DOC) and deoxycortisol in the adrenal ZG and ZF, respectively. Although CYP21 is not directly involved in the production of DHEA, its presence metabolizes and diverts steroid products of HSD3B2 towards the formation of mineralocorticoids and glucocorticoids (Fig. 3) . Deficient 21-hydroxylase activity leads to increased C 19 steroid production and the clinical manifestations of androgen excess [64] . Therefore, alterations in zonal CYP21 expression may influence the increased adrenal DHEA and DHEAS production seen at adrenarche. However, we previously demonstrated that the ZR continues to express CYP21 as children undergo adrenarche, and there does not appear to be a significant difference in CYP21 expression among the ZG, ZF, and ZR ( Fig. 5 ) [24] . This suggests that adrenarche does not rely on alterations in CYP21 expression within the ZR.
4.7 17β-Hydroxysteroid dehydrogenase type 5 (HSD17B5)
As described above, large amounts of DHEA and DHEAS are produced in the adrenal ZR but only small amounts of the more active androgen, testosterone. Testosterone is mainly produced in the testis through the action of 17β-hydroxysteroid dehydrogenase type 3 (HSD17B3) which efficiently converts androstenedione to testosterone [67] . On the other hand, HSD17B5 (also called AKR1C3) also converts androstenedione to testosterone [67] . HSD17B5 is more widely expressed than HSD17B3 in human tissues, including the ovaries and the adrenals [68, 69] . Using quantitative PCR and immunohistochemistry, we demonstrated that HSD17B5 is expressed at higher levels in the ZR than the ZF [70] . However, it awaits further examination to demonstrate a role for reticularis HSD17B5 in the production of testosterone in the human adrenals. The potential that HSD17B5 expression in the ZR is increased at adrenarche also requires examination.
Summary and future direction
Adrenarche is an enigmatic phenomenon that occurs only in human beings and some Old World monkeys. The proximal signal for adrenarche remains unknown, although some biochemical clues to the process of adrenarche are being elucidated. It remains clear that adrenarche is associated with intra-adrenal changes in morphology, and in the expression of steroidogenic enzymes and members of the electron transport system. These changes create a steroidogenic phenotype within the ZR cells that facilitates the production of adrenal androgens at adrenarche. These alterations are maintained in the adult, further suggesting that differences in enzymatic activity that occur at adrenarche are the key to adrenal DHEA production throughout life. Immunohistochemistry for HSD3B2 (a) and CYP21 (b) in the adrenal at age 3 and 12 years. a Immunoreactivity of HSD3B2 is detectable in the zona glomerulosa (ZG), the zona fasciculata (ZF), and zona reticularis (ZR), whereas it is not detected in the medulla (M) in the adrenal at age 3 years. In the 12 h adrenal, immunoreactivity of HSD3B2 is marked in the ZG and ZF, but is almost negative in ZR and M. b Immunoreactivity of CYP21 is detectable in the ZG, ZF, and ZR but not in the M of the adrenals at ages 3 and 12 years. Bar=100 μm
